ABSTRACT 2 decays to top quark pairs-if kinematically possible-will provide an accurate measurement of the top quark mass in e+e-collisions. We study various distributions of leptons and jets in the final state for semileptonic quark decays.
Introduction
The top quark has been searched for in many experiments in recent years and a lower bound on its mass of 23 GeV has been firmly established. A few prompt, isolated lepton events observed in proton-antiproton collisions are compatible, on the other hand, with the expected signatures of top decays in the mass range between 30 and 50 GeV.l'l Accumulating statistics and a better understanding of the systematics are necessary to strengthen the evidence and to narrow the error margin of the mass value. However, the hadronic environment in which the top quarks are produced and which is theoretically not well under control, will presumably set a limit of several GeV to the accuracy that can finally be reached.
In e+e-collisions the accuracy should be substantially improved by the analysis of 2 decays to top quarks-if they are kinematically possible. An uncertainty of the order of one to two GeV (or even less?) can reasonably be expected from experiments at SLC and LEP before toponium physics will provide the ultimate answer, see Ref. [2] and references quoted therein.
Depending on the detector design, several strategies can be pursued in parallel to measure the properties of top quarks: (i) The branching ratio of 2 + tf depends sensitively on the top quark mass mt for mt .5 mz/2. Lowest order perturbative QCD corrections, [3' however, change the value predicted by the parton model dramatically leaving us with uncertainties from higher order corrections.
(ii) Energy distributions and correlations of leptons and jets in events in which one top quark or both decay semileptonically t + blv,, are strongly affected by the quark mass. (iii) The dominant decay modes of top quarks are decays into 3 jets t -+ bud, bcs of average energy -13 GeV for mt -40 GeV, the central value indicated in the top quark search of Ref. [l] . Reconstruction of these jets will produce mass peaks-a model independent way, in principle, to measure the top mass. ['I Events in which one quark decays semileptonically, may also be of interest in this context since only 4 jets have to be reconstructed, easing the combinatorial problem due to low energy stray hadrons. The method can be ex-tended to events in which both. top quarks decay semileptonically-the cleanest final state possible.
In this paper we will focus our attention on semileptonic top decays. The majority of the distributions is of course also relevant to nonleptonic decays, with leptons and antileptons replaced by quarks and antiquarks appropriately. First we shall study these decays in the parton model (Section 2). Since the mass of the t quark is close to mz/2 we expect only a very small fraction of energy to be lost in the fragmentation process to T mesons and baryons.16' Likewise the amount of energy radiated off through perturbative gluon emission should be small. Depolarization phenomena in the fragmentation process[G' introduce some imponderables. We will find nevertheless that lepton spectra and leptonlepton correlations are sensitive instruments to measure the top quark mass very accurately.
The second part of the paper (Section 3) is devoted to a comprehensive discussion of the t-quark polarization PN normal to the production plane. This component is generated by r,Z interference"'s1 and the absorptive part of the QCD corrected Ztc vertex. The magnitude and relative size of these two contributions depends on the longitudinal beam polarization. Only for longitudinally polarized beams is PN found to be large. For unpolarized beams it amounts to 10% at most and is thus far smaller than the dominant longitudinal component.
We conclude this section by adding a few comments on polarization phenomena in W --$ t& decays, produced in quark-antiquark annihilation of hadron colliders.
Lepton Distributions in Semileptonic t Decays
The cross section for observing a top quark at the polar angle 0 in e+e---+ 2 --) tZ' [7 exchange near 2 neglected] is given by Branching ratio 2 ---) tf
The partial width I'(2 3 tf) in the parton model can easily be derived from Eq. One might hope nevertheless that the potentially large higher order corrections sum up to modify the leading term only by a factor (1 -exp(--2zcr,/3P)) similar to the result in QED.
t-quark polarization
The top quarks are produced in e+e--annihilation with a high degree of polarization that affects the distribution of jets and leptons after the decay.'6-81 This corresponds to an average energy loss of &mz/2 k: 500 MeV.
Fragmentation reduces the initial t quark polarization quite dramatically. We shall assume that a polarized t quark with S, = +i will convert into T*(Sz = l), T*(& = 0), T*(Sz = -1) and T(S = 0) with relative weight 2:l:O:l.' Angular distributions of decay products from T* (Sz = +l) will be identical to those from t(SZ = +i) whereas the others will be isotropic.'G1 Hence a fraction f -50% of the t quarks will remain polarized after fragmentation while the others are depolarized.
Top-quark decay
A fraction 2/3 of top quarks with mass -40 GeV will decay into three jets t + bud and bca (up to radiative QCD corrections), l/9 to t + befv,, p and r each. The decay rate for a polarized t quark is described by (94
Lepton and jet distributions
Final state distributions in e+e-+ 2 + tC after t,f fragmentation and decay are generated from a mixture of cross sections in which both top quarks are depolarized, t or E is depolarized, or no quark is depolarized. The corresponding probabilities are (1-f)2, f (1-f) and f2, respectively. This can be summarized
We shall now discuss in detail some distributions that are relevant to measurements of the top quark mass.
Leptons originating form top quark decays can be experimentally distinguished from prompt secondary leptons that are decay products of bottom or charm quarks, by defining an isolation criterion which forbids the lepton to be close to any of the jets in the final state. In Fig. 3 we investigate how this charged lepton spectrum depends on fragmentation and polarization parameters. We illustrate the results by choosing two top quark masses, mt = 37.5 GeV and 42.5
GeV. In Fig. 3a the shape of the spectrum does not vary much if Et is restricted to a reasonable range 2 lo-3. The depolarization mechanism introduces a larger change in the distributions as is evident from Fig. 3b where f is varied between 0 and 1. Note that the shape of this spectrum is up to O(Q) described by"'
where 6 = a ' mz I z (1 + P). Th e width of the band would limit the accuracy of a measurement of the t mass to roughly 2 GeV. However, if a value f w i is adopted, as suggested above, the uncertainty is reduced to less than -1 GeV.
[Note that f can be studied independently in lepton-antilepton correlations as explained in Eq. (10) .] Th is is summarized in Fig. 3c where ct is allowed to vary between 10v4 and 10m3, and f between l/3 and 2/3. Neutrino and jet energy distributions are shown in Fig. 4 for ct = 10m4 and f = i.* Prompt charged leptons and neutrinos are copiously produced .in the decay chains t --) b + c + s and Ccorrespondingly. Assuming a non-leptonic branching ratio for c-quark decays of -SO%, for b-quark decays of -60% (including secondaries) and for primordial t quark decays of 70% we find that only -15% of tf decay events are nonleptonic, and only -35% don't have any leptonic secondaries. Some more details are given in Table 1 . Secondary leptons have a much softer spectrum than primordial leptonic decays. The electron/muon spectrum and the distribution of neutrino energy due to secondary lepton decays are displayed in Fig. 5 . A cut of -5 GeV in the lepton energy reduces the number of * We approximate the invariant b-jet mass by its quark mass value mb = 5 GeV.'l" I these events quite efficiently while not affecting the primary signal very much.
This cut together with the isolation criterion should give us a clear sample of primary semileptonic t decay events.
A lovely class consists of events in which both t and f decay semileptonically,
The final state contains two isolated leptons plus two jets, all with an average energy of -12 GeV and well separated so that the jets should be easy to reconstruct. In Fig. 6a we show the energy distribution of the charged leptons in these events, in Fig. 6b the jet energy. The distribution of the total neutrino energy and the neutrino momentum are displayed in Fig. 6c . Finally in Fig. 6d we present the distribution of the invariant mass of charged lepton pairs. Such events will be promising candidates for an accurate measurement of the top quark mass.
Even though two non-parallel neutrinos are among the final particles, a few clean events of this class allow us to reconstruct the top-quark mass very nicely.
Missing energy and momentum define the 4-momentum vector K = k, + kp
Boosting the event into the rest frame of K, it is clear that the angular direction of zv = -& in this frame is arbitrary. The condition that the two masses reconstructed from the two sets {jet + lepton + neutrino} in an event must coincide, leaves us with a l-dimensional manifold of solutions for the t mass.
Doing this repeatedly for a number of events the reconstructed masses cluster quickly at the true top quark mass. This is shown for N = 100 Monte Carlo events in Fig. 7 with an initial t mass mt = 40 GeV. [We employed a 9 x 36 grid in 8, and &, to cover the unit sphere of the neutrino directions, and we required the 2 masses to coincide within a difference of 1 GeV.] Particle losses in detectors can be corrected for on a statistical basis by Monte Carlo simulations.
Normal t-Quark Polarization
We have argued that top quarks are produced with a high degree of polarization in e+e-collisions. For the dominating mechanism e+e-+ 2 + tf the polarization vector lies in the production plane spanned by the momentum vec- 
The contribution to PN due to r,Z interference is easily evaluated. In the same notation as used in the preceding section, we find
The normalization U is defined in Eq. where p is given in terms of electron and positron polarizations zr-and ?r+ by p = (z+ -r-)/(1 -z+7rr_). PN(72) and PN (QCD) are dramatically enhanced for longitudinally polarized beams-albeit in angular regions of small production rate. For p = +l the two contributions act cumulatively, for p = -1 they nearly cancel (Fig. 9) .
The preceding discussion of polarization phenomena applies equally well to 2 --) tf produced in colliding quark beams of hadron machines. In addition to 
